[1] Seismic reflection and refraction data from the SE Greenland margin provide a detailed view of a volcanic rifted margin from Archean continental crust to near-toaverage oceanic crust over a spatial scale of 400 km. The SIGMA III transect, located $600 km south of the Greenland-Iceland Ridge and the presumed track of the Iceland hot spot, shows that the continent-ocean transition is abrupt and only a small amount of crustal thinning occurred prior to final breakup. Initially, 18.3 km thick crust accreted to the margin and the productivity decreased through time until a steady state ridge system was established that produced 8-10 km thick crust. Changes in the morphology of the basaltic extrusives provide evidence for vertical motions of the ridge system, which was close to sea level for at least 1 m.y. of subaerial spreading despite a reduction in productivity from 17 to 13.5 km thick crust over this time interval. This could be explained if a small component of active upwelling associated with thermal buoyancy from a modest thermal anomaly provided dynamic support to the rift system. The thermal anomaly must be exhaustible, consistent with recent suggestions that plume material was emplaced into a preexisting lithospheric thin spot as a thin sheet. Exhaustion of the thin sheet led to rapid subsidence of the spreading system and a change from subaerial, to shallow marine, and finally to deep marine extrusion in $2 m.y. is shown by the morphological changes. In addition, comparison to the conjugate Hatton Bank shows a clear asymmetry in the early accretion history of North Atlantic oceanic crust. Nearly double the volume of material was emplaced on the Greenland margin compared to Hatton Bank and may indicate east directed ridge migration during initial opening. 
Introduction
[2] A natural consequence of continental lithospheric extension and breakup is that mantle upwells, decompresses, and melts, leading to the creation of new crust through surface volcanism and subsurface intrusions. The opening of the North Atlantic basin during the Paleocene lead to the creation of an enormous volcanic province, commonly referred to as the North Atlantic Igneous Province (NAIP, Figures 1 and 2 ). The remnants of the NAIP can be found on the west and east coasts of Greenland, the Faeroe Islands, and the British Isles as thick piles of flood basalts. Offshore, the rifted margins of the North Atlantic show seaward dipping reflector sequences that drilling has demonstrated to be subaerially erupted basalts [Eldholm et al., 1989; Saunders et al., 1998 ]. These dipping reflectors have become diagnostic features of volcanic margins and Spence et al. [1989] , Fowler et al. [1989] , and Morgan et al. [1989] is also shown. Circles are OBS stations, and triangles are center points of ESPs. The lines connecting the ends of T-III and NI8 to the Reykjanes Ridge are flow lines based on poles of rotation of Srivastava and Tapscott [1986] Tectonic and geologic overview of the North Atlantic region. T-1 to T-IV along the East Greenland coast are the SIGMA transects. Thick black lines labeled CXXr are magnetic anomalies. Black areas show where basalts are exposed onshore. Offshore light gray shading shows areal extent of basalt flows and sills associated with initial opening. Offshore dark gray shading shows location of seaward dipping reflectors and by inference thick igneous crust associated with subaerial seafloor spreading. We note that large areal extent should not be confused with large volume. Dots are ODP/DSDP drill sites. Abbreviations are BTP, British Tertiary Province; EB, Edoras Bank; HB, Hatton Bank; GIR, GreenlandIceland Ridge; FIR, Faeroes-Iceland Ridge.
volumes of material involved, the magnitude and lateral extent of a thermal anomaly, and the rates and mechanisms of emplacement have been lacking.
[3] In this contribution, we report on key data from the SIGMA (Seismic Investigations of the Greenland Margin) experiment that provide important constraints on some of these details. Both normal-incidence reflection and wideangle refraction data were acquired along four major transects from the southern tip of Greenland up to the Greenland-Iceland Ridge (Figures 1 and 2 ). We show data from SIGMA III, which is located $600 km south of the postulated hot spot track. SIGMA III lies in the distal zone defined by Holbrook et al. [2001] where volcanic margin formation was transient and the thermal anomaly was modest. The normal-incidence data show distinct changes in the reflective character of the extrusives that we interpret to be related to the emplacement environment, which changes from subaerial to shallow marine, and finally to deep marine as the ridge system evolves. This subsidence can be explained if excess magmatic productivity during breakup results from active upwelling and an associated thermal anomaly in the mantle that may provide dynamic support to the ridge system. Upon exhaustion of the thermal anomaly, the loss of dynamic support and thermal buoyancy led to rapid subsidence of the active ridge axis. We compare the data to the conjugate Hatton Bank and show that volcanic margin formation at this location shows extreme asymmetry, with nearly double the volume of material being emplaced on the Greenland side. We show that the asymmetry must be caused by a very small scale migration of the ridge axis to the east rather than full ridge jumps. The mechanism responsible for this kind of ridge migration requires further investigation.
Tectonic Setting
[4] Northward propagation of rifting and seafloor spreading in the Atlantic opened the Labrador Sea by the Late Cretaceous to Early Tertiary, separating Greenland from North America no later than 62 Ma [Chalmers and Laursen, 1995; Srivastava and Roest, 1999] . A second rift branch propagated northeast at 56 Ma and opened the North Atlantic basins. Greenland was effectively an independent plate from this time until the cessation of spreading in the Labrador Sea at 42 Ma, after which it again became part of the North American plate [Srivastava and Tapscott, 1986] . Opening of the North Atlantic was accompanied by huge volcanic productivity, with up to 10 7 km 3 of new crust created in only 3 m.y. [White and McKenzie, 1989; Larsen and Saunders, 1998 ]. Deep Sea Drilling Project (DSDP) legs 38 and 81 and Ocean Drilling Program (ODP) legs 104, 152 and 163 sampled volcanic rocks associated with the offshore parts of the NAIP [Talwani et al., 1976; Roberts et al., 1984; Eldholm et al., 1989; Saunders et al., 1998 ; H. C. Larsen et al., 1999] . The timing of events during North Atlantic opening is exceptionally well constrained by highprecision 40 Ar geochronology studies together with unambiguous magnetic spreading anomalies south of Iceland from C24r onward [Sinton and Duncan, 1998; Storey et al., 1998; Macnab et al., 1992; Verhoef et al., 1992] .
[5] A widespread but low-volume volcanic event at 61 Ma has been interpreted to mark the arrival a mantle plume beneath central Greenland. This volcanic activity has been documented in West Greenland [Storey et al., 1998] , East Greenland at the base of the main flood basalts [Sinton and Duncan, 1998 ], in the British Tertiary province [Pearson et al., 1996] and on the Faeroe Islands [L. M. Larsen et al., 1999] . The event is also recorded offshore East Greenland along the SIGMA III transect at ODP site 917, where an unconformity separates prebreakup continental sediments from the overlying volcanic pile. The lower and middle series of these rocks consist of 500-800 m of picrites and basalts that give way upward to more evolved basalts and dacites [Larsen and Saunders, 1998 ]. The 40 Ar age determinations show that they are 60-62 Ma [Sinton and Duncan, 1998 ].
[6] The large volume of the NAIP, however, is primarily expressed in the margins along Greenland, Norway, and the Rockall Plateau, where thick igneous crust was accreted. This thick crust is typified by seaward dipping reflectors that DSDP and ODP drilling off both Norway and Greenland confirmed are subaerially emplaced extrusive basalts that erupted from an Icelandic type spreading center [Eldholm et al., 1989; Saunders et al., 1998 ]. Along SIGMA Transect III, they are picrites followed by a uniform sequence of depleted Icelandic tholeiites ]. Geochemical evidence for continental contamination is found only near the base , showing that most of the crust associated with the dipping reflector wedge is new igneous crust formed at a spreading center. The flows at the base of the upper series at ODP site 917 unconformably overly the 60-62 Ma lower and middle series rocks. They have been dated to 55.8 Ma and flows at ODP site 918 from the central part of the dipping reflector wedge have been dated to 54.0 Ma [Tegner and Duncan, 1999] . The youngest part has not been sampled, but the dipping reflectors end within magnetic anomaly C24n at $53 Ma, indicating that the entire sequence was emplaced in less than 3 m.y.
[7] On the basis of the full SIGMA data set (Figure 1 ), Holbrook et al. [2001] define two zones depending on proximity to the presumed location of the Iceland hot spot. The proximal zone is localized to within 300 km of the Iceland hot spot and shows crustal thicknesses on the order of 30 km. Both the Greenland-Iceland Ridge and the Faeroe-Iceland Ridge have crust this thick [Smallwood et al., 1999; Holbrook et al., 2001] and are thought to mark the track of a plume stem that has been more or less centered near the Mid-Atlantic Ridge for most of the last 50 m.y. Present-day Iceland itself has highly variable thicknesses, but is on average 29 km thick [Allen et al., 2002] . Along the Greenland Iceland Ridge where the seismic velocity structure is best constrained, the average V p is less than would be predicted by passive upwelling models, supporting the idea that this crust is created over a region of robust active upwelling that a plume stem might produce [Kelemen and Holbrook, 1995; Holbrook et al., 2001; Korenaga et al., 2002] . Material flux through the solidus of 3 to 4 times greater than plate driven upwelling are needed over the plume stem [Holbrook et al., 2001 ]. The distal zone shows both reduced crustal thickness and reduced average seismic velocity. Holbrook et al. [2001] suggest that little to no active upwelling is required in the distal zone and that excess crustal thickness is primarily a result of passive rifting over a modest thermal anomaly on the order of 100°C, which may be consistent with the geochemical data ]. This latter conclusion is highly dependent on the assumed source composition and a smaller thermal anomaly would be consistent with melting of a more Fe-rich mantle source Korenaga et al., 2002] .
[8] A result of the data summarized above is that the original plume hypothesis for the formation of the NAIP has undergone significant revision. To explain the large lateral extent of volcanic margin formation in the context of passive rifting models, it was suggested that newly rising mantle plumes generate huge heads that balloon beneath the lithosphere [White and McKenzie, 1989; Griffiths and Campbell, 1990; Hill, 1991] . Subsequent rifting over the hot plume head was thought to be responsible for volcanic margin formation while sustained excess volcanism only occurred over a restricted region defined by the plume stem, marked by the Greenland-Iceland-Faeroes ridge. Large plume heads ballooning beneath the lithosphere, however, have proven problematic and are inconsistent with several lines of evidence as summarized by Nielsen et al. [2002] and Larsen and Saunders [1998] . They suggest an alternative in which a rising plume with only a modest or no head impacts the base of the lithosphere and spreads rapidly into a thin sheet of material that fills lithospheric thin spots and is blocked by thick spots . This simple modification to the plume model is consistent with the geochronology and geophysical data summarized above, and we show is consistent with the data along the SIGMA III transect presented below.
Data Acquisition and Processing
[9] Data were acquired in 1996 on the R/V Maurice Ewing using a 20-air gun 138 l (8460 cu. in.) tuned source array. For reflection imaging, the data were recorded on Ewing's 4-km 160-channel digital streamer, which had a receiver group spacing of 25 m. Wide-angle data were recorded on eleven WHOI OBHs, eight U.S. Geological Survey OBSs, and six onshore portable seismometers from the Program for the Array Seismic Studies of the Continental Lithosphere (PASSCAL). The total length of the profile is nearly 400 km, and all horizontal distances are measured from a common reference point (Figure 1 ).
MCS Data
[10] Guns were fired at a 21 ± 1 s interval for a nominal shot spacing of $50 m. The actual shot spacing varied from 30 to 62 meters with an average spacing of 51.56 m. Data were recorded at a sampling interval of 2 ms and resampled to 4 ms prior to processing. Data were binned into common midpoint gathers spaced every 12.5 m along the profile. This yields a nominal fold of 40 with a 50 m shot point spacing and 160 channels. To process the data, we first applied a spherical divergence correction using stacking velocity functions from previous data collected in the region. The near channels show significant 8 Hz noise that we suppressed by including a narrow, 0.25 Hz wide notch filter on the inner 1.2 km of the streamer. The data were then band-pass filtered from 3 to 60 Hz.
[11] Stacking velocities were picked from semblance analyses computed at control points determined by lateral structural changes seen in the data (Figure 3 ). Semblance was computed by combining 4 CMPs at each control point to create supergathers that have traces at every receiver offset location. The velocities picked were then used to construct average velocity functions for the deep water section (>2 s two-way travel time (twt)) and the shallow water section (<1 s twt). These average functions were used for calculating common offset f-k dip moveout (DMO) on the data. Lateral velocity variations clearly exist in the data, but the DMO processing seemed robust nonetheless and improved the image quality. After DMO, semblance was rerun and the velocities repicked.
[12] Multiple energy proved the most difficult challenge on this data set. We attempted a variety of demultiple techniques, none of which was completely adequate. After some experimentation, we finally arrived at a three-step process that included f-k space velocity filtering, a severe inner trace mute, and median stacking.
[13] The f-k velocity filtering was done on supergathers created by combining every four CMPs. To maintain the even spatial sampling required by the Fourier transforms, missing offsets in the supergathers were filled with interpolated traces prior to transformation. The filtering was achieved by applying a moveout correction at 85% of the picked stacking velocities, transforming the data to f-k, and then discarding the positive wave numbers before transforming back to t-x [e.g., Yilmaz, 1987] . Because the filter is applied in a way that energy near the 0 wave number axis is not affected, multiples in the near traces of a CMP gather are not attenuated. Therefore we also applied an inner trace mute beginning at twice the water bottom time on the 45 channels nearest to the ship. The final stack was produced by using a median stack, which we found further suppressed multiple energy without affecting the primaries [see also . Nevertheless, residual multiple energy is apparent throughout the section and limited our ability to fully migrate the section since significant overmigration noise degraded the stack and made the section difficult to interpret. We instead applied a poststack migration at water velocity, which combined with the prestack DMO means that the data are only partially migrated. The final time section is shown in Figure 3 . The overall data quality is very good and the shallow structures are especially well imaged. Deep reflections are conspicuously absent despite the fact that previous surveys show indications of lower crustal reflectivity . A series of constant velocity stacks were constructed to attempt to determine if deeper structure such as reflection Moho could be imaged in the data, but this proved unfruitful.
Wide-Angle Data
[14] The wide-angle data are generally high quality. The OBH/S record sections were recorded simultaneously with the MCS acquisition and thus have a 50 m shot point interval. Poor weather conditions onshore prevented the complete deployment of the REFTEK stations and we reshot part of the line after the MCS work to ensure that we had data on land. For the reshoot, guns were fired every 50 ± 1 s for a nominal shot spacing of 125 m. Wide-angle stations were deployed along the same great circle arc that the MCS data were collected along. This arc passes through 42°02 and 2) and 35°48 0 09.0 00 N, 64°04 0 29.5 00 W and defines the 2-D plane along which velocity modeling was done. After relocation, instrument positions were projected onto the plane. The ocean bottom stations were mostly within a few hundred meters of this plane, with an average off-line distance of 100 m and the largest off-line distance nearly 700 m (OBS C1). Placement of the land stations was limited by finding suitable locations along the fjord and vary from 400 to 2640 m off line. For both land and ocean bottom stations, instrument clocks were synchronized to GPS time before and after deployment and linear clock drift corrections applied. The maximum correction was 0.4 ms/h, and the average was 0.1 ms/h.
[15] Data were recorded with a sampling interval of 10 ms and were band-pass filtered from 4 to 20 Hz. The main difficulty with the wide-angle data is that previous shot noise often obscures the low amplitude but very coherent arrivals at larger offsets. This was a problem on the data used by Holbrook et al. [2001] and we reprocessed the data using a different f-k based velocity filter to remove the previous shot noise. This reprocessing led to significant improvements to the data. After the f-k filter, a minimum phase Wiener-Levinson predictive deconvolution was applied. The filters and deconvolutions introduce sidelobe energy and small shifts in the data that need to be taken into account for accurate travel time modeling. The effects of these were checked and adjusted for by comparing the direct arrivals on the OBH/S's to the seafloor arrival on the MCS data and to the hydrosweep center beam depth. The latter two agree to within 10 ms along the entire line and provide a reasonable check on the direct arrivals.
Margin Structure and Velocity Model
[16] The new seismic data set provides a clear and detailed view of a volcanic rifted margin from continental crust to near-average oceanic crust as defined by White et al. [1992] . In this section, we first discuss the velocity modeling and key aspects of the wide-angle data and then summarize the main features of the reflection data. To distinguish between relative distances and measurements, we refer to absolute position along the profile as km X, where X is the distance from the common reference point shown in Figure 1 .
Velocity Modeling of Wide-Angle Data
[17] To examine in closer detail crustal accretion processes in the distal zone away from the Iceland plume track, we remodeled the wide-angle data presented by Holbrook et al. [2001] on the reprocessed data set. The first arrivals that were picked on each instrument were verified, corrected where necessary, supplemented with new picks where appropriate and then checked for reciprocity with neighboring instruments. We then used iterative ray tracing and inversion to determine the velocity structure [Zelt and Smith, 1992] . Essentially, we did an automated forward modeling using Zelt and Smith's [1992] inversion as a guide to determine how best to change the model to fit the data. The model was constrained to fit two pieces of a priori information, namely, the seafloor depth and the basement two-way travel time, which are known to high accuracy from bathymetry data and MCS data, respectively. The primary goal of the velocity modeling was to determine the large-scale velocity structure and crustal thickness variation across the margin.
[18] Figure 4 shows large-scale plots of an OBH from on the shelf and an OBS from deep water in the Irminger Basin. Figure 5 shows the remaining instruments at smaller scale. All the stations show clear crustal refraction arrivals (P 2&3 ) and reflections from the Moho (P m P), which are the most important arrivals for constraining the large-scale crustal structure. The model contains a water layer, two layers within the sediments, and two layers within the basement, which is igneous oceanic crust on the seaward end and continental crust on the landward end. The two layer oceanic crust is necessary because two distinct sets of crustal refraction arrivals are seen that correspond to arrivals from oceanic layers 2 (P 2 ) and 3 (P 3 ) (Figure 4 ). We also include two layers in continental basement because of evidence on the REFTEKs for reflectivity at $16 km depth ( Figure 5 ). Some of the stations show weak arrivals that are P n , but because they are very weak and are not seen consistently, we did not attempt to model them and thus have no constraints on the mantle velocity.
[19] The final model is shown in Figure 6 and differs only slightly from the model published in Holbrook et al. [2001] . Layer boundaries are defined by 15-20 nodes accept for the seafloor and basement, which are defined by 90 nodes since they are known to high resolution from bathymetry and MCS data sets. Crustal layers are defined by 10-19 velocity nodes and care was taken to include velocity nodes only when necessary to fit particular aspects of the data. In this way we minimize the introduction of unrequired structure. A summary of the ray coverage is shown in Figure 7 showing bottoming points of crustal refractions and reflection points from the Moho. In general the ray coverage is excellent from the continent-ocean boundary (COB) and through the section of anomalously thick oceanic crust. In total, the model is constrained by 2933 P 2 , P 3 and P m P travel time picks and the average RMS misfit between the calculated and observed travel times is 0.122 s with a normalized chi-square value of 1.488 for an assumed average pick uncertainty of 0.1 s. Over oceanic crust, the fit is considerably better and the RMS misfit seaward of km 160 is less than 0.1 s.
[20] From km 0 to km 80 is continental crust, with generally low velocities and gradients that are expected for Archean crust dominated by a felsic composition. The crust is assumed to be $32-33 km thick, but this is not constrained by the arrivals on the land stations, which indicate a steeply dipping Moho from km 80 to km 150. The deepest bottoming points are from $31 km depth and a flattening of the Moho at 32-33 km depth is a reasonable assumption for this setting. Estimates of crustal thickness from other Archean terrains in the region vary from $28 to 38 km [Chian and Louden, 1992; Reid, 1996; Funck and Louden, 1998 ]. Figure 8 shows a comparison of a velocity profile over continental crust from our model to published profiles from these terrains and the match is quite good. In addition, recent receiver function analyses from broadband seismometers onshore along E. Greenland yield preliminary estimates of $34 thick Archean crust [Dahl-Jensen et al., 2003] .
[21] Between km 150 and km 160 the steeply dipping Moho becomes less steep, and the average crustal velocities and gradients increase. Although it is not possible to use seismic velocity alone to distinguish between continental crust and oceanic crust, we interpret this to mark the COB based on the fact that this is where we can begin to divide the basement into two distinct layers with velocities typical for oceanic layer 2 and 3 [White et al., 1992; Mutter and Mutter, 1993] . The location of the velocity change is also fairly well resolved. Moving the boundary 20 km in either direction leads to unacceptably large travel time misfits. In addition, this placement of the COB is in remarkably good agreement with Larsen and Saunders [1998] based on ODP drilling and earlier seismic reflection data, giving us confidence that we have located the COB reasonably well. The crust here is 20 km thick, indicating modest continental thinning prior to breakup. However, the lower crustal velocities increase steadily in the region from km 100 to km 150 and could be interpreted as evidence for mafic intrusions and/or underplating that has rethickened the crust. The ocean drilling summarized earlier covers the area from km 130 to km 140, where the breakup and prebreakup basalt flows are underlain by continental sedimentary basins, supporting the notion of a narrow continent-ocean transition comprised of both attenuated continental crust and new igneous material. Nonetheless, evidence for continental crust that has thinned by more than a factor of two before final breakup is absent and the data support an abrupt COB.
[22] Thus, by km 160 -170, the entire crust is new igneous material accreted to the continent. The maximum igneous crustal thickness is 18.3 km and thins gradually over the remaining part of the transect, ending in $9 km thick oceanic crust (Figures 6 and 9 ). Despite the relatively constant decrease in crustal thickness, the seismic velocity structure stays fairly uniform from km 160 to km 270-280, at which point the high-velocity lower crust appears to begin to disappear. The maximum velocity in the lower crust is just over 7.5 km/s and the 7.5 km/s contour terminates at km 275. Because no rays turn in the lower crust (Figure 7 ), accurate determination of the velocity in the deep crust depends primarily on errors in estimating the Moho depth from P m P reflections. Appropriate caution should therefore be taken with this evidence for reduced lower crustal velocity. Nonetheless, the initial constancy of seismic velocity followed by a decrease is demonstrated more clearly in Figure 9 where average V p in the crust is plotted as a function of model distance using the same method as and Holbrook et al. [2001] . Velocities less than 6.85 km/s are assumed to be due to alteration and/or porosity and are replaced by this value prior to averaging. The value 6.85 km/s was chosen because it is the appropriate velocity for the amount of SiO 2 and MgO found in basalts sampled during ODP Leg 152 [from Kelemen and Holbrook, 1995, equation (1)]. The velocity is then corrected to a temperature of 400°C and a confining pressure of 600 MPa before averaging (see Figure 4 . Large-scale plots of representative wide-angle record sections. OBH 24 from on the shelf, and OBS A4 from the deeper ocean basin are shown. White dots are calculated travel time arrivals from 2-D ray tracing based on work by Zelt and Smith [1992] . Calculated travel times are for all rays, not just those constrained by travel time picks. Only arrivals from igneous basement are shown. Figure 5 . Compilation of all wide-angle record sections used in constraining crustal velocity structure along SIGMA T-III. Plots labeled RFx are the REFTEK land stations and the mid crustal reflection is labeled P i P on these plots (see text). White dots are calculated travel time arrivals from 2-D ray tracing based on work by Zelt and Smith [1992] . Calculated travel times are for all rays, not just those constrained by travel time picks. Only arrivals from igneous basement are shown. Holbrook et al. [2001] and Korenaga et al. [2002] for an explanation of this last correction).
[23] Kelemen and Holbrook [1995] argued that average V p and crustal thickness (H c ) combined provide a measure of the bulk crustal composition, which in turn is related to the dynamics of mantle upwelling and melting. Pure passive upwelling will produce thicker crust at higher temperatures by increasing the depth range over which melting occurs. Deeper melts associated with higher temperatures increase the magnesium content and decrease the silicon content of the crust and lead to a higher average seismic velocity. In contrast, a component of active upwelling will increase the flux of material through the solidus and generate more melt and thicker crust without substantially altering the depth of melting. In this case, thicker crust can be produced without modifying the average crustal velocity. This approach to using H c -V p systematics to estimate crustal composition to constrain the mantle upwelling and melting regime has recently been revised by Korenaga et al. [2002] , who suggest that the initial study may systematically underpredict seismic velocity for a given crustal composition.
[24] Figure 10 shows the SIGMA III wide-angle data plotted on H c -V p diagrams using the equations of Kelemen and Holbrook [1995] and those of Korenaga et al. [2002] . Two key issues to consider are the uncertainty of the bulk crustal velocity measurement and, assuming that trends are robust given these uncertainties, whether or not a reasonable petrological inference can be made to relate the data to the upwelling dynamics. The change in seismic velocity associated with variations in both mantle potential temperature and the degree of active upwelling is relatively small. Because it is seismic velocity rather than crustal thickness that is most important for the petrological interpretation, this is crucial and these two issues are closely related [Korenaga et al., 2002] . Assessing the velocity versus depth ambiguity inherent in P m P travel time modeling requires a robust tomographic inversion scheme like that of . Although such an inversion was not done here, the results of extensive error analysis in suggest that an average velocity error on the order of 1% over the igneous crust where there is dense ray coverage is reasonable for data of this quality. Models that resulted from automated forward modeling on SIGMA II were only slightly different from the inversion results and were within this level of uncertainty Holbrook et al., 2001] . In addition, we note that trends and slopes resolved by the data were shown to be robust despite large absolute uncertainties. On the basis of these error estimates for data of this quality, we include error bars of ±0.075 km/s for V p and ±1 km for H c , but it should be emphasized that this is not based on a rigorous inversion scheme and error analysis.
[25] The data here show a relatively low bulk velocity despite the very thick crust, and two trends are seen in the data as the margin evolves. The first trend shows a reduction in crustal thickness with no change in average velocity, and a second trend is indicated by an inflection point at $km 280, beyond which thinner crust is correlated with lower average seismic velocity. The first trend may indicate that margin evolution occurred over a constant potential temperature mantle where the degree of active upwelling decreased with time. In the Kelemen and Holbrook [1995] diagram (Figure 10a ), the amount of active upwelling is small and there is a modest thermal anomaly present, Figure 7a . (c) Picked and calculated travel times for P 2 , P 3 , and P m P for all stations. Vertical bars are picked travel times with a bar length of 0.1 s, and lines are ray-traced travel times. consistent with Holbrook et al.'s [2001] suggestion that the distal zone has very little active upwelling compared to the Iceland plume track and that most excess crustal thickness is a result of anomalously warm mantle. The second trend could then be a result of exhaustion of the thermal anomaly that leads to a decrease in both seismic velocity and crustal thickness as a pure plate driven flow is established over normal temperature mantle. Although the absolute potential temperature of the mantle depends on the assumed source composition and melting model, the observed decrease in seismic velocity can be achieved by a reduction in mantle potential temperature of $100°C [Kelemen and Holbrook, Figure 8 . Velocity-depth functions of the SIGMA III data compared to other Archean terrains in the region. 1995; Korenaga et al., 2002] . This scenario is consistent with recent work that suggests mantle plume material was emplaced as a thin sheet of material that filled a thin spot along the proto-North Atlantic basins . Initial crustal accretion should be associated with constant potential temperature mantle until the thin sheet is exhausted, after which a cooling trend is predicted. We note, however, that this interpretation of the H c -V p diagram may not be unique (see discussion by Korenaga et al. [2002] ). An alternative interpretation is that there is no thermal anomaly present and all excess crustal thickness is a result of active upwelling (Figure 10b ). The decrease in crustal seismic velocity could be a function of increased residual crack porosity associated with reduced lithostatic pressure due to thinner crust, an effect that cannot be quantified with existing data [Korenaga et al., 2002] and further work to establish a more robust connection between crustal velocity and mantle dynamics is warranted.
Reflection Data
[26] The reflection data along SIGMA III show that the transect can be divided into distinct zones based on the reflection characteristics of the upper crust and the lateral coherence of the top basement reflector. A basic interpretation is summarized in Figure 11 , and an enlargement of three areas highlighting the differences in reflection characteristics is shown in Figure 12 . The landwardmost zone is defined by a coherent reflector defining the basement with top lap of internal seaward dipping reflectors (Figures 11  and 12a ). Mafic volcanic rocks within the basement that have been identified at five ODP sites (915A, 916A, 917A, 918D, and 990A) show red weathering, oxidized flow tops consistent with subaerial eruption. Analyses of paleosols and alteration minerals within the basalts are further evidence that they formed subaerially [Holmes, 1998 ]. The landwardmost part was erupted onto continental crust as indicated by the velocity structure and demonstrated by Site 917 where basalts are underlain by continental sediments. The acoustic bedding that defines the volcanic flow units is truncated, indicating erosion and the possibility that these basalts may have been emplaced in an elevated setting. Farther seaward, beyond the COB, preservation of top lap of the dipping reflectors shows that little or no erosion took place prior to subsidence and sedimentation of the igneous basement from km 165 onward. Dipping reflectors are seen as deep as 2 s twt below the basement. The wide-angle velocity model shows that the extrusive layer is $4 km thick at its thickest point. The oldest basalts associated with this complex have a maximum age of 56 Ma [Tegner and Duncan, 1999] , and the dipping reflectors end just within magnetic chron C24n at $53 Ma. Thus the entire $100 km sequence was erupted in only 3 Ma. These dates and distances correspond to an opening half rate of 3.3 cm/yr for this side of the North Atlantic. An interpretation of the magnetic crypto-chrons within C24r led Larsen and Saunders [1998] to suggest that spreading half rates during initial accretion were as high as 4.5 cm/yr around kms 200-220 and decreased eastward. An average rate of $3.3 cm/yr is consistent with their interpretation.
[27] The seaward dipping reflector sequence terminates at a marked change in the morphology of the top of igneous crust. From km 272 to km 315, the basement shows a rough, hummocky surface below which nothing is imaged by the reflection data (Figure 12b ). Following Planke et al.
[2000], we interpret this to mark a change from subaerial eruptions to submarine eruptions. The morphology change is coincident with the disappearance of the high-velocity lower crust. In addition, this section of crust was accreted over 2.2 My, yielding a half rate of 1.95 cm/yr, significantly slower than the earlier spreading rate.
[28] The rough basement morphology ends at $km 315 and a smooth continuous reflector caps the basement for the next 50 km of section before a large volcanic pile is seen to disrupt the basement at km 370-380 (Figure 12c ). Beneath the smooth top of basement are seaward dipping reflectors reminiscent of those associated with the subaerially erupted basalts. Their curvature and dip are much lower, however, and the overall reflectivity is restricted to a much thinner zone. For reasons discussed below, these are interpreted as deep marine basaltic sheet flows [see Planke et al., 2000] . Magnetic anomalies show that the half spreading rate continued to slow and is on average $1.7 cm/yr by this point. It is very unlikely that this second set of reflectors represents a return to subaerial volcanism, because the crust continues to thin over this interval. A change back to subaerial eruption would indicate a resumption of much more robust volcanism and higher productivity rates that would be expected to produce thicker crust.
Discussion
[29] The data presented in this paper show the development of a volcanic rifted margin from >30 km thick Precambrian crust to close to average thickness oceanic crust [White et al., 1992] . When combined with age constraints provided by well defined magnetic anomaly patterns and 40 Ar dating of basalts from drill cores, the data place quantitative constraints on the magmatic productivity through time of the margin and give insights into the nature and dynamics of the underlying mantle during the formation of the margin. In this section, we discuss two key ideas that the data elucidate about the early opening history of the North Atlantic. First, the data map the early subsidence history of the nascent spreading center. Second, comparison to the conjugate Hatton Bank and shows that the early opening history was highly asymmetric, with the bulk of new crust apparently accreted to the Greenland margin.
Basement Morphology and Spreading Center Subsidence
[30] Extrusive basaltic flows show variable morphologies, and thus distinct reflection seismic properties, depending on emplacement environment [Gregg and Fornari, 1998; Planke et al., 2000] . The division of the reflection data into different zones based on the basement morphology thus gives insight into the evolution of the spreading system responsible for the formation of this volcanic margin. The most important factors are water depth, magma supply rates, and the configuration of local basins into which the basalts erupt [Planke et al., 2000] . Subaerial extrusions with robust magmatic supplies form large continuous sheet flows and are responsible for producing seaward dipping reflector sequences. Shallow water extrusions are commonly explo- sive due to magma degassing. This results in hyaloclastite flows that are chaotic and laterally variable, forming a highly diffractive, rough surface on seismic images. Basalts erupted in deep water, however, may not degas, preventing the formation of hyaloclastites. In these conditions, large sheet flows can form if the magmatic supply is sufficient to overflow seafloor topography [Gregg and Fornari, 1998 ]. Such an environment is thought to be responsible for the creation of seaward dipping reflectors in oceanic crust [e.g., Planke et al., 2000] .
[31] The reflection data shown here record a history of changing eruptive environment with the key control being the elevation of the active spreading system relative to sea level. Margin subsidence is typically envisioned as resulting from crustal thinning and postrift thermal cooling of either thinned continental lithosphere [e.g., McKenzie, 1978] or new oceanic lithosphere [e.g., Parsons and Sclater, 1977] . Dynamic mantle support can lead to significant subsidence anomalies and has been invoked to explain discrepancies between predicted and observed subsidence rates along the North Atlantic margins [Clift et al., 1995] . By providing additional information on paleoelevation and vertical motion, the basement morphology can yield important constraints on margin subsidence. More importantly, because the basement morphology records the vertical motions of the seafloor spreading system itself, it provides a more direct link to mantle dynamic processes that operate during volcanic margin formation.
[32] The paleoelevation and subsidence of the most landward and oldest part of the basalt complex is constrained by ODP Sites 915, 916, 917 and 990 (Figures 2 and 11) . A thin layer of volcaniclastic to conglomeratic sediments on top of the altered basalts is overlain by shallow water sediments of Middle to Late Eocene age. The subsidence rates indicated for the Middle Eocene is low, on the order of only 40 m/ m.y. [Wei, 1998] . Given the significant hiatus between the igneous basement ($55 Ma) and the oldest datable marine sediments, it is unlikely that the crust here subsided below sea level immediately after its formation. To obtain a minimum estimate of the likely paleoelevation, we extrapolate the 40 m/m.y. subsidence rate back in time. This would place the rift system from which the basalts erupted at $600 m above sea level. Eruption in an elevated area is consistent with these units being eroded as indicated by the truncation of the top lap described earlier.
[33] ODP Site 918 within the central part of the main seaward dipping reflector zone provides the most important constraints on the paleoelevation and subsidence of the igneous crust, which is 17.1 km thick here (Figure 11) . A decreasing frequency of lava eruption with time is indicated by increasing weathering of individual flow units up section, with the last few flow units almost completely altered by weathering. Holmes [1998] suggests that this weathering took place in low lying rather than upland areas based on goethite/hematite ratios. In strong support of this, shallow water sediments of the same magnetic polarity are found immediately on top of these deeply weathered flows [Ali and Vandamme, 1998 ] and independent biostratigraphic data confirm that they are stratigraphically continuous with the lava flows [Wei, 1998 ]. In addition, the well preserved top lap of the seaward dipping reflectors shows that little to no erosion of the basalts occurred throughout this part of the section, indicating that the bulk of the igneous crust from at least Site 918 and seaward erupted in lowland areas.
[34] The major change in reflectivity and basement morphology that indicates a transition from subaerial to subaqueous extrusion occurs 60 km seaward of Site 918 and by this point new crust created was 13.5 km thick. DSDP Sites 552 -554 off the Edoras Bank (Figure 2 ) sampled basalts in a similar setting and the recovery of hyaloclastites supports the idea of a transition into shallow water volcanism [Roberts et al., 1984] . Along the Greenland margin, the timing of the drowning of the spreading ridge is 53 Ma and is tightly controlled by well-defined seafloor magnetic isochrons C24n2-n3. Thus, during the first 2 m.y. of margin formation, subaerial volcanism may have taken place at moderate elevations, but for at least the last 1 m.y. from Site 918 seaward, accretion of new crust must have been at or close to sea level. The apparent constancy of the paleoelevation, despite the fact that a decrease in volcanic productivity led to a reduction in crustal thickness from $17 km to $13.5 km over this interval, implies that the elevation of the spreading center must have been maintained by some dynamic support in the mantle that was removed as the margin evolved. Assuming local isostacy, the crustal thickness change should have resulted in subsidence on the order of 0.5 km and a much earlier submergence of the ridge system.
[35] Recent numerical models of lithospheric extension show that excess volcanism during breakup is likely the result of a combination of active upwelling and temperature anomalies [Boutilier and Keen, 1999; Keen and Boutilier, 2000; Nielsen and Hopper, 2002] . In these models, smallscale convection cells develop at the edge of a rifting continent and can enhance melt productivity. Nielsen and Hopper [2002] suggest that for this mechanism to produce the observed time and spatial scales of igneous productivity along SE Greenland, a thermal anomaly is required. This may provide a source of dynamic support to the rift system that can maintain it at sea level despite reduced productivity. Exhaustion of the thin sheet of material would result in subsidence as the source of support is removed.
[36] Along East Greenland, Figure 10 shows that the first igneous crust produced requires at least some component of active upwelling. Initially, the trend follows an isotherm, implying that thinner crust is a result of a reduction in active upwelling. What is less clear given the ambiguities and uncertainties regarding the method, is whether or not there is also evidence for a thermal anomaly. If residual crack porosity and alteration is indeed a problem for crust thinner than 15 km [Korenaga et al., 2002] , then it seems apparent that little can be learned from the H c -V p systematics on volcanic margins such as this. However, if for the sake of argument we accept the interpretation suggested earlier that a modest thermal anomaly may be indicated and that the reduction of seismic velocity is related to exhaustion of a thin sheet of plume material emplaced in a thin spot, then the inflection point in the H c -V p diagram correlates with the independent evidence just described for a major change in the emplacement environment of the extrusive layer. While this may be just a coincidence, the possibility that the morphology change can be related to changes in the upwelling dynamics of the mantle is an intriguing suggestion worthy of further investigation.
[37] The subsequent accretion of thinner crust from 13.5 km to 9 km should be accompanied by continued subsidence of the spreading system until a steady state ridge system is established. This is fully consistent with our interpretation that the second major change in reflectivity and morphology to a smooth basement top at 50.8 Ma (km 315) is a result of extrusion in deep water with high magma supply rates to feed large submarine sheet flows. To fully quantify the subsidence, constraints on the pressure and water depth required to prevent degassing of the magma are needed. Gregg and Fornari [1998] claim that volatiles remain dissolved in basaltic magma at pressures greater than 15 MPa, corresponding to a water depth of 1.5 km. Subsidence from sea level at 53 Ma to 1.5 km at 50.8 Ma would yield extreme rates on the order of 700 m/m.y. For comparison, this is nearly double what simple half-space cooling of oceanic lithosphere can produce, but is similar to what has been reported for initial subsidence rates on other volcanic margins such as the U.S. East Coast [e.g., Lizarralde and Holbrook, 1997] . We note, however, that the present water depth of the Reykjanes Ridge along a flow line that connects to the SIGMA III profile is $900 m. Crustal thickness estimates along the Reykjanes Ridge (8.5 -10 km [Smallwood et al., 1995] ) are comparable to the thicknesses observed at the end of the SIGMA profile (9 -11 km). It seems likely that the outer set of seaward dipping reflectors erupted from a spreading system at a similar water depth. This would yield a considerably smaller estimate of the subsidence rate, but still larger than postrift subsidence rates farther west over thick crust (site 918). In the absence of better data constraining the pressures required to enable long submarine flows, we can only conclude that continued subsidence of the spreading axis and a rapid deepening relative to the margin is indicated by our data but the magnitude and rates cannot be determined with confidence.
Asymmetric Crustal Accretion During Early Opening
[38] Volcanic conjugate margin asymmetry has been suggested previously [Eldholm and Grüe, 1994] and has important implications for quantifying magmatic productivity and volumes associated with early opening of the North Atlantic. To investigate this further, we compared the SIGMA III data to earlier seismic refraction along the Hatton Bank margin. Deep seismic data from the Hatton Bank is much older and is summarized in three key papers: Spence et al. [1989] , Fowler et al. [1989] , and Morgan et al. [1989] . The main profile, NI8, is $75 km south of the conjugate position from SIGMA III predicted by reconstructions using poles of rotation from Srivastava and Tapscott [1986] . Flow lines from the ends of NI8 and SIGMA III to their conjugate positions are shown in Figure 1 and there is no apparent segmentation at this part of the early spreading axis. The NI8 transect consists of a reflection profile as well as several ESP's and an OBS refraction line coincident with the reflection line. Some caution should be exercised in comparing the SIGMA data to the Hatton Bank data because ESP's sample along strike, and the OBS profile consisted of widely spaced instruments with an explosive source. While general comparisons are possible, a detailed comparison of the velocity structure is not. In addition, detailed constraints on timing are less certain. Seafloor spreading anomalies are much less distinct and can only be convincingly identified back to anomaly C20. Identification of anomalies older than this is ambiguous at best, but the NI8 profile ends in a negative anomaly that likely corresponds to C21, placing anomaly C22 just seaward of ESP H (Figure 1b ). Sediments interbedded with lava flows that are associated with the seaward dipping reflector sequence have been dated to 56 Ma [Roberts et al., 1984] , indicating that main flood basalt volcanism along the margin was contemporaneous with that on the Greenland side.
[39] Figure 13 shows the Hatton Bank data merged with the SIGMA data at approximately C22 time. The most striking observation shown in the comparison is the extreme asymmetry that is apparent by a quick visual inspection.
The Greenland margin appears to have nearly double the volume of igneous crust as the Hatton Bank. Along the coast of east Greenland between SIGMA I and II, major plutons and dikes that range in age from 35 to 50 Ma have been extensively documented [Bernstein et al., 1998 ]. A 52 Ma sill recovered within marine sediments at ODP site 918 could be evidence for similar volcanism along the SIGMA III profile. This late stage volcanism has been interpreted to represent the passage of the Iceland plume beneath the East coast of Greenland and there is the possibility that this could have added significant extra crust to the margin. However, we find it difficult to support the idea that this could explain a doubling in the crustal volume after initial accretion. First, significant off axis volcanism should disturb the magnetic spreading anomalies, which are exceptionally clear along East Greenland and can be interpreted down to the crypto-chron scale [Larsen and Saunders, 1998 ]. Second, the SIGMA III transect is in the so-called distal zone, well south of the region clearly affected by active upwelling associated with plume [Holbrook et al., 2001] . Third, such significant magmatic events would disrupt the crustal structure and the smooth variation in crustal thickness and seismic velocity would not be seen. Last, it seems likely this magmatism would have an extrusive counterpart that should be imaged on the reflection sections as mounds and plateaus lying unconformably above the dipping reflector basement. The two features that disrupt the basement at km 370-380 may well represent such off axis volcanism. However, there is no evidence for similar features within the 56 Ma to 50 Ma crust (Figures 3 and 11) .
[40] A second possible explanation is that a series of east directed ridge jumps transferred material to the Greenland margin. Müller et al. [1998] argue that most of the asymmetry in spreading anomalies they find in their global reconstructions can be related to ridge jumping toward a plume. We discount this as a possibility along East Greenland for several reasons. First, ridge jumping should be easily observable in the seismic reflection data over the seaward dipping reflectors. In the Palmason [1980] model, the extrusive flows dip toward the spreading axis. A reversal of the basalt stratigraphy dip would therefore be predicted by a ridge jump, and has in fact been observed on data along the Greenland-Iceland ridge where such jumping is common [Larsen and Jakobsdottir, 1988] . No such reversal is seen in the data. On both margins, the basalt flows dip consistently seaward, indicating that ridge jumping is unlikely. Second, most reconstructions place the Iceland hot spot beneath Greenland at the time of breakup [e.g., Lawver and Müller, 1994] . Thus plume-directed jumps would result in west rather than east directed ridge jumping, which is the opposite of our observation. Last, ridge jumps tend to disturb magnetic seafloor anomalies leaving complicated patterns behind. It seems unlikely that crypto-chron scale magnetic anomalies could be preserved if ridge jumping were an important process during the early formation of the margin [Larsen and Saunders, 1998 ].
[41] Thus the asymmetry in productivity appears to be a process related to original crustal accretion and the consistency of key features supports this idea. The maximum igneous crustal thickness accreted to each margin is roughly the same: 18.3 km on the Greenland and 18.5 km on the Hatton Bank side [Morgan et al., 1989] . On both sides, evidence for an unusually high-velocity lower crust (>7.3 km/s) is restricted, and terminates seaward roughly where the main seaward dipping reflectors terminate. A progressive thinning of the new crust created is indicated from the time of breakup and the match in crustal structure at the splice point is remarkable given the uncertainties in anomaly identification and a 75 km offset in conjugate position. These similarities combined with the fact that we consider it difficult to imagine that a spreading system could produce crust of unequal thickness on each side, leads us to conclude that the asymmetry is primarily a difference in the horizontal length scale and thus is an accretional process. On Hatton Bank, the change from 18 km thick crust to 10 km thick crust occurs after only 50 -60 km of spreading. However, on the SE Greenland margin, this reduction in igneous productivity occurs after 120 km of spreading. This observation is consistent with recent independent reconstructions of the North Atlantic by Müller et al. [1998] , who show that $65% of the initial crustal accretion along this part of the margin was accreted to the Greenland margin.
[42] A key issue to address is whether or not this asymmetry also reflects an asymmetry in total extension taken up by each side of the rift. In other words, did Greenland effectively spread at double the rate as Europe? It is possible that the magmatic extension that is apparently missing on Hatton Bank is taken up farther east on the Rockall Plateau and Trough. Joppen and White [1990] show that this latter region was clearly affected by Tertiary volcanism, but reliable estimates of the volumes and ages are unfortunately lacking. However, the missing volume is substantial, nearly 825 km 3 /km along the rift. It seems unlikely that such enormous quantities of magmatic extension would be missed by the earlier seismic surveys carried out in the region [e.g., England and Hobbs, 1997; Hauser et al., 1995; Joppen and White, 1990 ]. Thus we conclude that two thirds of the total extension was accommodated on the Greenland margin. Effectively, two out of every three dikes must have accreted to the western side of the rift system. Whether or not this asymmetry is plate scale or occurred only along this part of the Greenland margin requires further study, but preliminary evidence suggests that accretion was more symmetric farther south where SIGMA IV and the Edoras Bank profiles are located [Holbrook et al., 2001] .
[43] Asymmetric accretion at divergent plate boundaries has been described previously and has been attributed to migration of the ridge axis over the asthenosphere which skews the thermal field and/or leads to differences in shear tractions at the base of the two plates on either side of the axis [Barker and Hill, 1980; Stein et al., 1977; Hayes, 1976] . In the thermal model, faster accretion is predicted on the cooler plate [Hayes, 1976; Barker and Hill, 1980] . This may be consistent with the Greenland margin being bounded by thick Archean lithosphere, whereas the Hatton Bank is bounded by younger and presumably warmer lithosphere beneath the Rockall Plateau. More recent midocean ridge studies that consider asymmetry generally are intended to explain difference in topography, gravity, and seismic velocity on either side of a ridge [e.g., Eberle and Forsyth, 1998; Toomey et al., 2002] , but the implications for accretional processes have not been considered in these latter models. It seems clear, however, that the observation in Figure 13 is a first-order phenomenon and a full understanding of volcanic margin formation requires knowledge of magma emplacement processes and the crustal stress field in addition to the underlying mantle dynamics.
Conclusions
[44] Seismic data from the SE Greenland margin provide detailed information on margin structure from Archean continental crust to near-to-average oceanic crust. Key results are that the continent-ocean boundary is an abrupt, <50 km wide transition, with a relatively minor amount of continental thinning indicated prior to breakup. The maximum thickness of igneous crust accreted to the continent is 18.3 km and is reduced uniformly to $9 km thick over a distance of 160 km. Average V p in the accreted igneous crust is constant for the first 3 m.y. of evolution and then decreases uniformly from 7.05 km/s to 6.9 km/s. Although we cannot rule out the possibility that residual crack Figure 13 . North Atlantic crustal profile at anomaly 22 time. Hatton Bank profile was digitized and gridded from Fowler et al. [1989] . Color scale is the same as Figure 6 . Lower white line is Moho. Triangles along the top are ODP drilling sites. Dots on the Greenland side are the OBH/S and REFTEX stations. porosity is responsible for this decrease in average velocity, this could be evidence that the mantle potential temperature stayed constant for a short period of time, and then dropped. The uniform decrease in crustal thickness over the time interval that the mantle potential temperature was constant may indicate that a small component of active upwelling enhanced initial melt production.
[45] Distinct changes in morphology of the extrusive basalt layer in the crust are interpreted as evidence for submergence of the rift system below sea level at 53 Ma. An additional change in basement morphology and a second but poorly developed seaward dipping reflector sequence is evidence for continued subsidence from shallow water to deeper water, likely between 900 and 1500 m. Subsidence of the active spreading axis is evidence for dynamic support to the margin during the early opening history that was gradually removed as the system evolved to steady state oceanic accretion.
[46] These interpretations of the seismic velocity data and seismic reflection data are both consistent with recent suggestions that plume material was emplaced along thin spots prior to North Atlantic opening. Exhaustion of the thin warm sheet led to a loss of dynamic support and subsidence of the active ridge axis. At the same time, cooler mantle began upwelling beneath the spreading axis and the average depth of melting decreased, as shown by the reduction in average seismic velocity of accreted igneous crust.
[47] Perhaps more significantly, comparison to the conjugate Hatton Bank data demonstrates that volcanic margin formation can be extremely asymmetric. During the first 5 -6 m.y. of spreading, double the volume of crust apparently accreted to the Greenland margin compared to the Hatton Bank margin. Ridge jumps and late stage volcanism cannot explain this observation. Effectively, the ridge system must have been migrating eastward. This appears to be a regional rather than plate scale phenomenon, but more detailed along strike comparisons are necessary. It seems likely that accretional asymmetry requires a process that allows more dikes and extrusives to pile up on one side of the spreading system. The observation of large-scale asymmetry points to the need for better planned conjugate margin studies to fully unravel the history of breakup and the onset of seafloor spreading even in high magmatic productivity environments. Asymmetry is a first-order observation that dynamic models of volcanic margin formation and mid-ocean ridge spreading should seek to explain.
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